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S U M M A R Y
Background: Globally, disinfectants are widely used to intervene in the dissemination of Cryptosporidi-
um oocysts. However, extensive investigations of oocyst inactivation by various disinfectants are not
feasible due to the limitations imposed by animal infectivity methods. Molecular techniques provide an
alternative strategy; however, non-metabolic genes have been used as markers for determining
viability/infectivity.
Methods: In this study we used amyloglucosidase (AG) – a metabolic protein – as a marker to determine
viability/infectivity of Cryptosporidium. Oocysts were exposed to 6% hydrogen peroxide for 2 min.
Sampleswere analyzed by cell culture polymerase chain reaction (CC-PCR) using PCR primers speciﬁc for
heat shock protein 70 (hsp70) and AG. Both target genes were ampliﬁed with the same level of intensity.
Results: Based on the results it can be concluded that AG is a valid target for the study of environmental
survival and for the evaluation of the efﬁcacy of microbicides against Cryptosporidium using molecular
and cellular assays. Comparison of the CC-PCR assay and mouse infectivity assay showed a fairly good
correlation under these test conditions.
Conclusion: Results indicate that the CC-PCR assay presents a valid and cost-effective alternative to the
mouse infectivity assay.
 2010 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
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Cryptosporidium is one of the most common protozoan
parasites causing diarrheal illness worldwide. Cryptosporidiosis
cases are most prevalent in populations in Asia, Australia, Africa,
and South America, and huge outbreaks have been reported in
North America and Europe.1
Cryptosporidium is of major human health concern due to: (1)
extreme resistance of oocysts to routine disinfectants, (2) low
infective dose, (3) high risk of mortality in the immunocompro-
mised population, and (4) possibility of zoonotic transmission.2
Cryptosporidium infections can be prevented by eliminating or
reducing infectious oocysts in the environment.1 Good hygiene and
personal care practices play a critical role in reducing the infectious
diseases caused by a variety of etiological agents. The effectiveness
of personal hygiene practices, such as the regular use of soap in
hand washing, has been well documented for the control of* Corresponding author.
E-mail address: Khalid.Ijaz@rb.com (M. Khalid Ijaz).
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agents.3 Not much information is available on the effectiveness of
personal care products for the removal/elimination/inactivation of
parasites found on a variety of surfaces.
A number of assays have been described for differentiating
viable/infectious oocysts from dead/non-infectious oocysts.4,5 The
mouse infectivity assay has been considered the gold standard for
such studies;6 other assays include in vitro excystation, dye
exclusion, cell culture, ﬂuorescence in situ hybridization, and
reverse transcriptase polymerase chain reaction (RT-PCR) directed
to mRNA.4,5,7 The method of disinfection and type of disinfectant
can impact the results of these assays. Therefore, the choice of
assay is critical in studying the resistance of oocysts to different
disinfection processes and their survival under different environ-
mental conditions. The objectives of this studywere (1) to compare
the mouse infectivity assay with the RT-PCR assay, which is based
on detection of metabolic genes expressed in the target oocysts,
and (2) to develop a rapid method for studying the survival of
Cryptosporidium oocysts dried on a variety of experimentally-
contaminated prototypical carriers simulating environmental
surfaces.ses. Published by Elsevier Ltd. All rights reserved.
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2.1. Parasites
Cryptosporidium parvum oocysts (Iowa isolate) were obtained
from the Sterling Parasitology Laboratory, University of Arizona,
Tucson, AZ. The oocysts were stored in antibiotic solution (100mg/
ml penicillin and 100mg/ml gentamicin) containing 0.01% Tween
20. The concentration of oocysts in the stock and working solution
was determined by direct count using a hemocytometer. The
integrated cell culture RT-PCR (ICC-RT-PCR) assay was used to
detect infectious oocysts, as previously described.8
2.2. Disinfection and excystation procedure
The hydrogen peroxide (H1009; Sigma) stock (30% in water)
was further diluted in distilled water to achieve a 6% (vol/vol)
solution. Cryptosporidium oocysts (106) were suspended in
500 ml of freshly prepared hydrogen peroxide dilution, and
incubated at room temperature (24 8C) for 1, 2, 3, 4, and 5 min. No
neutralizing agent was applied, and after the exposure time,
oocysts were washed three times with distilled water (2500  g
for 5 min). The disinfectant exposure time was considered to be
the time oocysts were actually in hydrogen peroxide, excluding
the time spent on subsequent washing steps. For cell culture
assay, oocysts were further treated with acidiﬁed (pH 2.0) Hank’s
balanced salt solution (AHBSS). Different bile salt components
have been reported to enhance excystation and infection of cell
monolayers.9 Bile salts have been used for a long time in
excystation formulations without an understanding of the nature
of their action. A recent study has shown that bile salts induce
apical organelle discharge, which is essential for the gliding
motility of sporozoites.10 Inmost Apicomplexa, glidingmotility is
critical for invasion of host cells by the invasive stages such as
sporozoites.11 Based on our experience, lower cell passage
compensates for the difference between the excystation protocol
with or without bile salts (un-published data). Cell surface
membranes are known to signiﬁcantly change with increasing
numbers of cell passage.12 This is very relevant for the cell
culture-based Cryptosporidium infectivity assays, as the sialic
acid of glycoconjugates on the host cell surface are known to
facilitate excystation of C. parvum13 and glycoconjugates on the
cell surface are known to change during the course of differenti-
ation and aging of cells.14 We believe that there is a need to
standardize cell culture-based infectivity assays, and cell passage
number should be considered when comparing results from such
studies.
For control treatment, oocysts were subjected to all of the same
experimental procedures as the oocysts from the experimental
groups, except that phosphate-buffered saline (PBS) was used
instead of hydrogen peroxide.
2.3. Integrated cell culture and molecular assay
An integrated cell culture polymerase chain reaction assay (ICC-
PCR) was used to detect infectious oocysts, as described by Di
Giovanni et al.8 Human ileocecal adenocarcinoma (HCT-8) cells
(ATCC CCL-244) were grown in a maintenance medium: RPMI
1640 supplemented with 5% fetal bovine serum (FBS), 2 mM L-
glutamine, 20 mM HEPES, and 10% Opti-MEM. Maintenance
medium contained penicillin, streptomycin, and amphotericin.
Cell culture assays were performed in 24-well plates, which were
incubated at 37 8C under an atmosphere of 5% CO2. After 24 h, the
maintenance medium was removed and replaced with growth
medium, which was similar to maintenance medium with the
exception of an increased (10%) concentration of FBS.Before disinfection, oocysts were washed twice with sterile PBS
(pH 7.2) in sterile 1.5-ml microcentrifuge tubes by centrifuging at
10 000  g, and the supernatant was completely removed. Oocysts
were suspended in 1 ml of 6% hydrogen peroxide for 1, 2, 3, 4, and
5 min. After the speciﬁed time, disinfectant was removed by
centrifuging at 10 000  g, and oocysts were washed with sterile
PBS (pH 7.2); concentrated oocystswere excysted using AHBSS and
inoculated into conﬂuent HCT-8 cells. The cells were washed 2 h
later to remove parasites (non-excysted oocysts or non-infectious
sporozoites) that had not invaded the monolayer.
The cells were harvested at 48 h post-inoculation and RNA was
extracted using RNeeasy Kit (Qiagen, Valencia, CA) and subjected to
RT-PCR analysis. The RT-PCR conditions involved an RT step followed
by40cyclesof95 8Cdenaturation for1 min,50 8Cannealing for1 min,
and 72 8C extension for 2 min, followed by a ﬁnal extension at 72 8C
for 7 min. The ampliﬁed productwas analyzed by gel electrophoresis,
followed by ethidium bromide staining, UV transillumination, and
image capture using a Kodak camera (Biophotonics, Ann Arbor, MI,
USA). The target products were quantiﬁed by image analyses of each
band on the electrophoresis gel. The intensity of each band was
analyzed using Scion Image 4.0.2 software.
2.4. Rationale for the selection of amyloglucosidase as a marker of
infectivity
Apicomplexa protozoa are known to use amylopectin granules
as an energy source during survival stages.15–17 In this situation,
they are totally reliant on endogenous sources of energy for
sporulation to remain viable,18 and the stored energy is used
during the excystation process and release of infective stages.16
Prolonged storage or exposure to environmental conditions results
in the depletion of these energy reserves.19,20 In a million oocysts
of Eimeria acervulina, the amylopectin content decreased from
33.3 mg to 1.5mg after 6 years of storage at 4 8C.21 A steady
decrease in the infectivity of E. acervulina oocysts over 3, 12 and 24
months of storage was observed, and complete loss of infectivity
was noted after 6 years of storage,.21
The enzyme amyloglucosidase is perceived to play a critical role
in the utilization of this stored energy for mobilizing the infective
stages during cell invasion.22 In this study, the metabolic gene for
amyloglucosidase was used as a marker of infectivity because of
the putative correlation with the level of amylopectin reserves and
the infectivity status of the oocysts.
2.5. Mouse infectivity assay
For each treatment, four neonatal mice (6 days old) were
inoculatedby intrapharyngeal delivery of 104 oocysts ofC. parvum in
30ml. Mice used for infectivity assays were handled in accordance
with the protocols approved by the in-house Animal Care and Use
Committee. Feces were collected from the infected mice at 5 and 6
days post-infection and analyzed for Cryptosporidium oocysts. Six
days after infection, mice were euthanized using chloroform. The
ileal tissue was collected and processed to obtain the total DNA, as
describedby Jenkinset al.7 IlealDNAwasanalyzed for thepresenceof
C. parvum DNA using primers speciﬁc for the heat shock protein 70
(hsp70) gene and AG. PCR products were analyzed as described
earlier.
3. Results and discussion
3.1. Comparison of metabolic and non-metabolic genes to study
viability and infectivity of oocysts
Cell culture PCR assays showed that C. parvum oocysts lost their
viability/infectivity after treatmentwith hydrogen peroxide. Based
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Figure 1. Changes in the expression of metabolic and non-metabolic genes in cell culture system after oocyst exposure to hydrogen peroxide.
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expression of both genes steadily decreases with the increase in
disinfectant contact time. However, AG gene expression decreased
approximately two-times faster than hsp70 gene expression
(Figure 1). In addition, the AG assay resulted in a slightly better
R2 value; however the difference was not signiﬁcant. The results of
the AG assay in the present study are comparable to those of
previous oocyst inactivation studies conducted in the mouse
model and cell culture most-probable-number (MPN) assay.23,24
Therefore it can be concluded that compared to the hsp70 gene, the
AG gene is a better target for studying the viability/infectivity of C.
parvum using molecular methods. The results of real-time RT-PCR
assay for amyloglucosidase gene expression were consistent with
the results of the standard PCR assay (Figure 2).
3.2. Comparison of the mouse infectivity assay with the metabolic
gene expression assay to study the infectivity of oocysts
The infectivity of C. parvum oocysts exposed to 6% hydrogen
peroxide was determined by mouse infectivity assay and CC-PCR
assay based on the expression of metabolic genes; results are
presented in Figure 2. The experiment was focused on comparing
the two oocyst infectivity determination methods in parallel and
not to identify the oocyst inactivation capability of hydrogen
peroxide. Therefore, data collected were percent infectivity for
each set of assays. A similar decline in oocyst infectivity was
recorded using both methods. The R2-value for these assays was
calculated to be 0.878 (R2-values greater than 0.9 are very high and
likely to be signiﬁcant). These results suggest that the CC-PCR assay
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Figure 2. Comparison of mouse infectivity and cell culture PCR systems to
determine the infectivity of hydrogen peroxide-treated Cryptosporidium oocysts.and mouse infectivity assay are fairly well correlated under these
test conditions. Different assays have been used to compare
viability and infectivity of Cryptosporidium oocysts.4,5 Previous
studies have reported neonatal mouse infectivity as the most
sensitive assay for determining the infectivity of oocysts treated
with ozone, UV light, or chlorine compounds.4,5,25 The results of
the present study show the CC-PCR assay to be slightly more
sensitive than the mouse infectivity assay.
In conclusion, the present study showed that hydrogen
peroxide (6% aqueous solution) is a valid chemical disinfectant
to study the rapid loss of oocyst viability/infectivity using cell
culture and molecular techniques. In addition, based on the
comparative in vitro and in vivo data generated in the present
study, it can be concluded that metabolic genes are a better target
for studying the viability/infectivity of C. parvum using molecular
methods. The results show that the CC-PCR assay presents a valid
alternative to the mouse infectivity assay.
Acknowledgements
Dr Alum’s research is supported by Reckitt Benckiser and JRR
and MKI are engaged in R&D work at Reckitt Benckiser Inc.,
Montvale, NJ, USA.
Conﬂict of interest: No conﬂict of interest to declare.
References
1. Fayer R, Xiao L. Cryptosporidium and cryptosporidiosis, 2nd ed., Boca Raton, FL:
CRC press; 2007.
2. Centers for Disease Control and Prevention. Cryptosporidiosis (Cryptosporidium
spp.)—a CDC review. J Environ Health 2004; 67:52.
3. Aiello AE, Coulborn RM, Perez V, Larson EL. Effect of hand hygiene on infectious
disease risk in the community setting: a meta-analysis. Am J Public Health
2008;98:1372–81.
4. Black EK, Finch GR, Taghi-Kilani R, Belosevic M. Comparison of assays for
Cryptosporidium parvum oocysts viability after chemical disinfection. FEMS
Microbiol Lett 1996;135:187–9.
5. Bukhari Z, Marshall MM, Korich DG, Fricker CR, Smith HV, Rosen J, Clancy JL.
Comparison of Cryptosporidium parvum viability and infectivity assays follow-
ing ozone treatment of oocysts. Appl Environ Microbiol 2000;66:2972–80.
6. JenkinsM, Trout JM, Higgins J, DorschM, Veal D, Fayer R. Comparison of tests for
viable and infectious Cryptosporidium parvum oocysts. Parasitol Res 2003;89:1–
5.
7. Jenkins MC, Trout J, Fayer R. Development and application of an improved
semiquantitative technique for detecting low-level Cryptosporidium parvum
infections in mouse tissue using polymerase chain reaction. J Parasitol
1998;84:182–6.
8. Di Giovanni GD, Hashemi FH, Shaw NJ, Abrams FA, Le Chevallier MW, Abbas-
zadegan M. Detection of infectious Cryptosporidium parvum oocysts in surface
and ﬁlter backwash water samples by immunomagnetic separation and inte-
grated cell culture-PCR. Appl Environ Microbiol 1999;65:3427–32.
A. Alum et al. / International Journal of Infectious Diseases 15 (2011) e197–e200e2009. Gold D, Stein B, Tzipori S. The utilization of sodium taurocholate in excystation
of Cryptosporidium parvum and infection of tissue culture. J Parasitol
2001;87:997–1000.
10. Feng H, NieW, Sheoran A, Zhang Q, Tzipori S. Bile acids enhance invasiveness of
Cryptosporidium spp. into cultured cells. Infect Immun 2006;74:3342–6.
11. Sibley LD. Intracellular parasite invasion strategies. Science 2004;304:248–
53.
12. Yu H, Cook TJ, Sinko PJ. Evidence for diminished functional expression of
intestinal transporters in Caco-2 cell monolayers at high passages. Pharm
Res 1997;14:757–62.
13. Choudhry N, Bajaj-Elliott M, McDonald V. The terminal sialic acid of glyco-
conjugates on the surface of intestinal epithelial cells activates excystation of
Cryptosporidium parvum. Infect Immun 2008;76:3735–41.
14. Fukuda M, Fukuda MN. Changes in cell surface glycoproteins and carbohydrate
structures during the development and differentiation of human erythroid
cells. J Supramol Struct Cell Biochem 1981;17:313–24.
15. Ryley JF, Bentley M, Manners DJ, Stark JR. Amylopectin, the storage polysac-
charide of the coccidia Eimeria brunetti and E. tenella. J Parasitol 1969;55:
839–45.
16. Ryley JF. Cytochemistry, physiology and biochemistry. In: Hammond DM,
editor. The coccidia.. Baltimore: University Park Press; 1973. p. 145–81.
17. Coppin A, Dzierszinski F, Legrand S, Mortuaire M, Ferguson D, Tomavo S.
Developmentally regulated biosynthesis of carbohydrate and storage polysac-charide during differentiation and tissue cyst formation in Toxoplasma gondii.
Biochimie 2003;85:353–61.
18. Schmatz DM. The mannitol cycle in Eimeria. Parasitology 1997;114:81–9.
19. Fayer R, Trout JM, Jenkins MC. Infectivity of Cryptosporidium parvum oocysts
stored in water at environmental temperatures. J Parasitol 1998;84:1165–9.
20. Guimaraes EV, de Carvalho L, Barbosa HS. An alternative technique to reveal
polysaccharides in Toxoplasma gondii tissue cysts. Mem Inst Oswaldo Cruz
2003;98:915–7.
21. Vetterling JM, Doran DJ. Storage polysaccharide in coccidial sporozoites after
excystation and penetration of cells. J Eukaryot Microbiol 1969;16:772–5.
22. Gue´rardel Y, Leleu D, Coppin A, Lie´nard L, Slomianny C, Strecker G, et al.
Amylopectin biogenesis and characterization in the protozoan parasite Toxo-
plasma gondii, the intracellular development of which is restricted in the HepG2
cell line. Microbes Infect 2005;7:41–8.
23. Quilez J, Sanchez-Acedo C, Avendano C, del Cacho E, Lopez-Bernad F. Efﬁcacy of
two peroxygen-based disinfectants for inactivation of Cryptosporidium parvum
oocysts. Appl Environ Microbiol 2005;71:2479–83.
24. Weir SC, Pokorny NJ, Carreno RA, Trevors JT, Lee H. Efﬁcacy of common
laboratory disinfectants on the infectivity of Cryptosporidium parvum oocysts
in cell culture. Appl Environ Microbiol 2002;68:2576–9.
25. Finch GR, Black EK, Gyu¨re´k L, Belosevic M. Ozone inactivation of Cryptosporidi-
um parvum in demand-free phosphate buffer determined by in vitro excysta-
tion and animal infectivity. Appl Environ Microbiol 1993;59:4203–10.
